An experiment was conducted to study the effects of dietary supplementation of 1,3-diacylglycerol (DAG) as an emulsifier in a low-density diet on growth performance, nutrient digestibility, blood characteristics, and meat quality in broilers. A total of 480 1-day-old male 308 Ross broiler chicks were randomly allocated into 1 of the following 5 treatments: Control, fed a basal diet (CON), basal diet minus 100 kcal ME diet (LE), T1 (LE + 0.075% 1,3-DAG), T2 (LE + 0.10% 1,3-DAG), and T3 (LE + 0.15% 1,3-DAG).The supplementation of low energy diet to broilers reduced (P < 0.05) feed intake compared to CON diet during wk 1 of the experiment. The supplementation of LE diet with 0.075, 0.10, and 0.15% 1,3-DAG linearly increased (P = 0.09) body weight gain (BWG) and decreased (P = 0.08) feed intake (FI) during wk 1. During wk 2 to 3 and overall (0 to 5 wk), there was linear increase (P < 0.05) in BWG and decrease in feed conversion ratio (FCR) in LE diet supplemented with graded levels of emulsifier. The LE diet reduced (P < 0.05) dry matter (DM) and energy digestibility (P = 0.07) compared with CON diet. Supplementing energy-reduced diet with different levels of 1,3-DAG linearly increased (P < 0.05) DM, and energy digestibility, but no significant differences were observed in blood profiles, meat quality (except drip loss) of broilers.
INTRODUCTION
The addition of fat in livestock diets improves palatability, growth performance, feed efficiency, carcass characteristics, and reduces dustiness in feed (Li et al., 1990; Azman et al., 2004; Nayebpor et al., 2007; Febel et al., 2008; Firman et al., 2008) . However, the supply of energy represents the major cost in feed formulations. The recent increases in the price of cereals initiated the surge of exploration in ways to improve the energy value of fats. It is well documented that the digestion and absorption of fat in newly hatched chicks is poor due to the incomplete development of digestive tract and immaturity of physiological functions (Carew et al., 1972) . In particular, the secretion of lipase and bile seems to be limiting during wk 1 of life. The endogenous emulsifiers are not very efficient in the digestion of fat, which is important when we increase fat content in poultry diets. Furthermore, fatty acid (FA) mixture with high amount of free fatty acid (FFA) lacks the formation of monoglycerides, leading to lower emulsification ca-C 2016 Poultry Science Association Inc. Received June 23, 2016 . Accepted October 28, 2016 Corresponding author: inhokim@dankook.ac.kr pacity (Rovers, 2014) . In that situation, these dietary lipids are only partially digested and less absorption is seen. The unabsorbed fraction passing beyond the ileum is considered a loss to the animal. Thus, exogenous nutritional emulsifiers could assist in the digestibility and enhance the efficiency of energy. The positive effect of adding such emulsifiers is reported to be more pronounced for less-digestible fats than for very highly digestible fats (Rovers, 2014) .
The current study used diacylyglycerol (DAG) consisting of 70% medium-chain FA (MCFA), which has an aliphatic tail of 6 to 12 carbon atoms, and 30% longchain FA, which has an aliphatic tails of more than 12 carbon atoms. DAG has been used in synergistic fashion with monoacylglycerol as emulsifier (Flickinger and Matsuo, 2003; Shimada and Ohashi, 2003; Nakajima, 2004; Phuah et al., 2015) . Various research studies demonstrated that DAG, particularly 1,3-DAG, has the ability to suppress the body fat accumulation, reduce the serum triacylglyceride, and reduce postprandial hyperlipidemia (Flickinger and Matsuo, 2003; Rudkowska et al., 2005; Yanai et al., 2007) . Glycerol being amphiphilic in nature is essential for the uptake of the FFAs, which are hardly soluble in bile salt micelles in the gut (Dierick and Decuypere, 2004) . More important, MCFA are more rapidly absorbed by the body and more quickly metabolized as fuel due to their reduced chain length. The consequence of accelerated metabolic conversion is that instead of being stored as fat, the calories contained in MCFA are very efficiently converted into fuel for immediate use by organs and muscles. The MCFA can cross the double mitochondrial membrane very rapidly, and do not require the presence of carnitine, due to which the energy is enhanced (Friedman et al., 1990) . It was hypothesized that the tested product would facilitate the process of emulsification in vivo to assist the efficient digestibility of fat.
The objective of the present study was to evaluate the effect of the addition of 1,3-DAG, having 70% of medium-chain FA as a fat emulsifier, in an energyreduced diet for broilers on growth performance, nutrient digestibility, blood profiles, and meat quality.
MATERIALS AND METHODS
The experiment received prior approval from the Animal Protocol Review Committee of Dankook University.
Experimental Material
The tested product, 1,3-diacylglycerol (55%) mixed with carrier was obtained from the commercial company (Il Shin Wells, Korea). It consisted of 70% medium-chain triglyceride and 30% long-chain triglyceride. According to the manufacturer's information, the FA profile of tested product contains lauric, capric and myristic + palmitic acids at the ratio of 50:20:30. The crude fat of the product consisted of monoacylglycerol, diacylglycerol, and triacylglycerol at the ratio of 20:60:20 respectively. The diacylglycerol was analyzed to contain 80% 1,3-diacylglycerol and 20% 1,2-diacylglycerol.
Birds, Diets, Housing and Feeding
Four hundred eighty 1-day-old male 308 Ross broiler chicks with an average initial BW of 41 ± 0.17 g were randomly allotted to 5 treatments. Each dietary treatment consisted of 6 replicate cages, with 16 birds per replicate. All birds were housed in stainless steel pens with concrete floors covered with clean rice husk under standard conditions of temperature, humidity and ventilation as described by Jeong and Kim (2014) . Broilers were fed corn soybean meal-based basal diet for 35 d divided in 2 phases. Treatments were as follows: Controls fed a basal diet (CON), a low-energy (LE) group fed basal diet minus 100 kcal ME diet), and 3 experimental groups, T1 (LE + 0.075% emulsifier), T2 (LE + 0.10% emulsifier), and T3 (LE + 0.15% emulsifier). All diets were formulated according to requirements recommended by the NRC (1994) and provided in mash form (Table 1) . Emulsifier was added to the diets at the expense of corn. Feed and water were offered for ad libitum consumption throughout the study.
Experimental Procedure, Sampling and Assay
Body weight gain (BWG) and feed intake were recorded on wk 1, 3, and 5. The feed conversion ratio (FCR) was calculated as feed intake (g) divided by BWG (g). At the end of the experiment, apparent total tract digestibility (ATTD) of dry matter (DM), fat, and energy (E) were determined using chromic oxide (Cr 2 O 3 ) as an indicator. All broiler chicks were fed diets mixed with 0.2% Cr 2 O 3 as an indigestible marker for 7 d before excreta collection at wk 5. All excreta were pooled by cage and mixed, after which a representative sample was stored in a freezer at −20
• C until analysis. Before chemical analysis, the excreta samples were thawed and dried for 72 h at 50
• C in a forced-air oven (model FC-610, Advantec, Toyo Seisakusho Co. Ltd., Tokyo, Japan), after which they were finely ground to a size that could pass through a 1-mm screen. All excreta samples were then analysed for DM, energy and fat as described below for feed sample. Chromium was analyzed using UV absorption spectrophotometry (UV-1201, Shimadzu, Kyoto, Japan) and the ATTD of DM, energy and fat were calculated using indirect methods described by Williams et al. (1962) . Feed samples were ground to pass through a 1-mm screen, after which they were analyzed for N (method 968.06; AOAC International, 2000), Ca (method 984.01; AOAC International, 2000), P (method 965.17; AOAC International, 2000) and crude fiber (method 962.09; AOAC International, 2000). Nitrogen was determined (Kjeltec 2300 Nitrogen Analyzer; Foss Tecator AB, Hoeganaes, Sweden), and CP was calculated as N × 6.25. Fat content in the excreta was determined by standard procedure (method 954.02; AOAC International, 2005) . Samples were first hydrolyzed by hydrochloric acid and transferred to tubes. Crude fat was extracted by combination of diethyl ether and petroleum ether. Solvents were then decanted into the pre-weighed conical flask and evaporated by placing the flask on the steam bath and drying the flask in the oven at 100
• C for 90 min. After cooling down, the weight of the flask with fat was recorded and fat contents were calculated. The gross energy was determined by measuring the heat of combustion in the samples using oxygen bomb calorimeter (Parr 6100 instrument Co., Moline, IL).
The FA content in the experimental diets was the mean of 2 replicates, and the total FAs were analyzed by using an HP 5,890 gas chromatography with a flame ionization detector (Hewlett Packard 5890 Series II, Palo Alto, CA). The FA methyl esters were separated using a Supelcowax-10 fused silica capillary column (100 m × 0.32 mm × 0.25 μm; Supelco, Inc., Bellefonte, PA), with 1.2 mL/min of helium flow. The oven temperature was increased from 220
• C to 240
• C, at the Con = basal diet, LE = Low energy density diet., DAG = 1,3-diacylglycerol.
rate of 2 • C/min. Temperatures of the injector and detector were 240
• C and 250
• C, respectively. The peak of FAs was identified by comparing the retention time and peak area of each FA standard, respectively. The content of each FA was expressed as a percentage of the sum of all of the FAs analyzed.
At the end of the experiment, 6 birds (1 bird per 6 replicate cage per treatment) were randomly selected from each treatment and about 5 mL of blood samples were collected from the wing vein using sterile syringe and then transferred into vacuum tubes containing no additive and tubes containing K 3 EDTA (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ) to obtain serum and whole blood respectively. Free FA was analyzed using automatic blood analyzer (ADVID 120, Bayer). Samples for serum analysis were then centrifuged at 3000 x g for 15 min after which the serum was removed and stored at -20
• C until analysis. The total proteins, glucose, blood urea nitrogen (BUN), creatinine and triglyceride were analyzed by using an automatic biochemistry analyzer (HITACHI 747, Hitachi, Tokyo, Japan). For physicochemical properties of the breast meat, 6 birds from each treatment (1 bird per 6 replication cage) were killed by cervical dislocation after completion of bleeding from the jugular vein. The gizzard, breast meat, bursa of Fabricius, liver, spleen, and abdominal fat were then removed by trained personnel and weighed and analyzed immediately. Organ weight was expressed as a percentage of BW. The breast muscle Hunter lightness (L * ), redness (a * ), and yellowness (b * ) values were determined using a Minolta CR410 chromameter (Konica Minolta Sensing Inc., Osaka, Japan). Duplicate pH values of breast muscle for each sample were measured using a pH meter (Fisher Scientific, Pittsburgh, PA). Drip loss was measured using approximately 2 g of meat sample according to the plastic bag method described by Honikel (1998). 
Statistical Analysis
The data were analyzed using the GLM procedure of SAS (SAS Institute, 1996) in a randomized complete block design. Cage served as the experimental unit. Pre-planned contrast was used to test the following: 1) the individual effect of energy-reduced diet CON versus LE diets) and the overall effect of emulsifier supplementation in energy-reduced diet (LE vs T1, T2 and T3). Furthermore, linear and quadratic polynomial contrasts were used to examine responses to supplemental graded levels of emulsifier at 0.075%, 0.10% and 0.15% in the energy-reduced diet. Variability in the data was expressed as the standard error of means (SEM) and P < 0.05 was considered to be statistically significant.
RESULTS

Growth Performance and Nutrient Digestibility
Feeding LE diet to broilers reduced (P < 0.05) feed intake compared to CON (basal diet) during wk 1 of the experiment. The supplementation of LE diet with 0.075, 0.10, and 0.15% emulsifier (1,3-diacylglycerol) linearly increased (P = 0.06) BWG and FI during wk 1. During wk 2-3 and overall (0-5 wk), there was linear increase (P < 0.05) in BWG and decrease in FCR of broilers fed LE diet supplemented with graded levels of emulsifier ( Table 2 ). The LE diet reduced (P < 0.05) DM energy digestibility (P = 0.07) compared with CON diet (Table 3 ). Supplementing LE diet with different levels of emulsifier linearly increased (P < 0.05) DM and energy digestibility. The fat digestibility was improved (P < 0.05) in emulsifier supplemented energy-reduced diet compared with LE diet without emulsifier (Table 3 ).
Blood Characteristics
The LE diet did not have any effect (P > 0.05) on protein, BUN, creatinine, triglyceride, FFA, and glucose compared with CON diet. The supplementation of different levels of emulsifier to LE diet also did not have any effect on the blood profiles (Table 4) . 
Relative Organ Weight and Meat Quality
Feeding energy-reduced diet did not have any effect on meat quality compared with CON diet. However, addition of emulsifier to LE diet linearly reduced (P < 0.05) drip loss during d 5 and d 7 (Table 5) .
DISCUSSION
Fats are used in the diets of livestock as a source of energy as well as an enhancer in slowing down the rate of food passage through the digestive tract, thereby allowing better absorption of nutrients present in the diet. The energy value of fat is reported to be at least twice as those of carbohydrates and proteins (NRC, 1994) . The types of fat used in animal feed formulation include both saturated FAs and unsaturated FAs. In general, saturated FAs, mostly found in animal fat, are digested less easily compared to unsaturated FAs, like in vegetable fat. High levels of FFAs also limit the digestibility. Emulsifiers have the potential to improve the utilization of lipids, especially animal fats.
The results of the current study indicated that feed intake was reduced during d 1 to 7 and FCR tended to increase during d 7 to 21 in broilers fed low energy density diet (100 kcal/kg ME lower) than the basal diet. In general, the low energy level in the diet can lead to growth performance depression. However, in the current study, BWG was not affected in broilers receiving energy-reduced diet throughout the experiment. Except for first wk of age, broilers had the ability to regulate feed intake despite the low energy level in the diet which is in contrast to the study by Cho et al. (2012) who indicated that energy-reduced diet (150 kcal/kg ME lower) reduced feed intake only during d22-35. The inconsistent result could be due to the difference in the energy levels of the diet and the amount of tallow used in the diet. The current finding showed that the digestibility of DM and energy was reduced in energy-reduced diet, but fat digestibility was not significantly different compared with basal diet. However, ATTD of DM, energy, and crude fat was significantly increased in low-energy diet supplemented with emulsifier, which is in agreement with the study by Zhao et al. (2015) , who indicated that emulsifier (lysophospholipids) improved the ATTD of DM, energy, and crude fat in weanling pigs. Sayed (2009) reported that lambs fed low-nutrient-density diet reduced nutrient digestibility compared with basal diet. The reason for reduced digestibility in energy-reduced diet compared with basal diet is because fat, despite being an energy source also helps in slowing down the rate of food passage through the digestive tract thereby allowing better absorption and digestion of nutrients present in the diet. In addition, FAs such as MCFA present in DAG might have played an important role as immune modulator and positively influence gut microbiota (Nayebpor et al., 2007; de Los Santos et al., 2008; Upadhaya et al., 2015) , which consequently might have helped in the digestibility of nutrients.
Supplementing graded levels of emulsifier (diacylglycerol) containing MCFA to energy-reduced diet showed linear increase in BWG during overall and d 7-21 and linear increase in BWG during d 1-7 and d 21-35. The FCR was linearly reduced in LE diet supplemented with graded level of emulsifier during d 7-21; d 22-35 and overall indicating that inclusion of emulsifier positively influence FCR. Halda and Gosh (2010) have noted that the reduction in dietary energy may lead to significant improvement in feed conversion under the influence of emulsifiers because emulsifier compensate for an energy reduction without reducing growth parameters. Addition of different levels of emulsifier linearly increased nutrient digestibility in the current study which is in agreement to the study by Jones et al. (1992) ; Jin et al. (1998); Zhao et al. (2015) who also reported that addition of emulsifier such as lecithin and lysolecithin or lysophospholipids increased digestibility of nutrients in weaning pigs. The improved digestibility of nutrients might have been contributed by the MCFA included in the emulsifier because unlike long-chain FA, MCFA is readily digested and absorbed in the gastro-intestinal tract. Furthermore, MCFA are not re-synthesized to triacylglycerol and is less accumulated as body fat (Takeuchi et al., 2008) .
There were no significant difference in blood profile or meat quality (except drip loss) of broiler fed LE diet compared with CON. However, a numerical reduction in protein, triglyceride, FFA, and glucose and increase in BUN levels as well as numerical reductions in the redness of breast muscle color were observed in LE diet compared with CON. The functioning mechanism of energy on the color of muscle remains unclear, and whether the effect was due to pigments in the feed ingredients requires further study. The moderate reduction of energy in LE diet compared to basal diet could be the possible reason of insignificant effect on blood and meat profiles. The blood profile and meat quality of broilers fed emulsifier supplemented LE diet were also unaffected compared with non-supplemented diet. It indicated that different levels of the emulsifier diacylglyceride increased the energy utilization, and so blood profile, and relative organ weight of broiler chickens in different treatments reached the same level as of basal diet. Cho et al. (2012) also reported that emulsifier added diet had the same values as of CON diet for blood profiles and relative organ weight of broiler chickens.
In conclusion, supplementation of 1,3-DAG in energy-reduced diet showed positive effect in DM, energy and fat digestibility and in growth performance. However, meat quality, and serum profiles in broilers fed LE diet with DAG as emulsifier were unaffected.
